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ABSTRACT  Voltage-sensing dyes were used to examine the electrical behavior of 
the T-system under passive recording conditions similar to those commonly used 
to detect charge movement. These conditions are designed to eliminate  all ionic 
currents  and render  the T-system potential  linear with  respect  to the command 
potential  applied  at  the  surface  membrane.  However,  we found an unexpected 
nonlinearity in the relationship between the dye signal from the T-system and the 
applied clamp potential. An additional voltage- and time-dependent optical signal 
appears over the same depolarizing range of potentials where charge movement 
and  mechanical  activation  occur.  This  nonlinearity  is  not  associated  with 
unblocked ionic currents and cannot be attributed to lack of voltage clamp control 
of the T-system, which appears  to be good under these conditions.  We propose 
that a local electrostatic potential change occurs in the T-system upon depolariza- 
tion. An electrostatic potential would not be expected to extend beyond molecular 
distances of the membrane and therefore would be sensed by a charged dye in the 
membrane but not by the voltage clamp, which responds solely to the potential of 
the bulk solution. Results obtained with different dyes suggest that the location of 
the  phenomena  giving rise  to the  extra  absorbance  change  is  either  intramem- 
brane or at the inner surface of the T-system membrane. 
INTRODUCTION 
Charge  movement  currents  are  normally  recorded  in  response  to  voltage-clamp 
pulses applied across the surface membrane,  from muscle fibers perfused with solu- 
tions  designed  to  eliminate  all  ionic  currents  (Schneider  and  Chandler,  1973; 
Chandler  et  al.,  1976a).  However,  the  molecular  species  that  give  rise  to charge 
Address reprint requests to Dr. Judith A. Heiny, Department of Physiology and Biophysics, Uni- 
versity of Cincinnati College of Medicine,  Mail Location 576, 231  Bethesda Avenue,  Cincinnati, 
OH 45267-0576. 
Dr. Jong's present address is Department of Cellular  and Molecular Physiology, Yale University 
School of Medicine,  New Haven, CT 06510. 
j. GEN. PHYSIOL.  ~  The Rockefeller  University Press ￿9 0022-1295/90/01/0147/29 $2.00 
Volume 95  January 1990  147-175 
147 148  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  95  ￿9 1990 
movement  reside  mainly in  the  T-system  membranes  and  respond  directly  to  the 
T-system transmembrane  potential.  Because  electrically  the  T-system represents  a 
distributed  cable in contact with the surface membrane,  it is expected  that a  finite 
amount of time will be required to charge the T-system to a new potential,  and that 
there will be some decrement of potential  along the fiber radius in the steady-state 
(Falk,  1968; Adrian et al.,  1969).  Under typical charge movement recording condi- 
tions  it  is  generally  assumed  that  the  tubular  membrane  resistance  is  sufficiently 
large that this radial decrement will be small and that, after a charging time of a few 
milliseconds,  the T-system will come to a  uniform,  constant potential  equal  to that 
imposed at the surface membrane.  A  corrollary assumption  is  that the steady-state 
T-system  voltage  will  be  linearly  related  to  the  applied  clamp  potential  over  the 
entire voltage range, i.e., at voltages where charge movement is elicited as well as at 
voltages  used  for  subtraction  of  the  linear  fiber  capacitance.  However,  these 
assumptions have never been directly tested because the dimensions of the tubules 
render them physically inaccessible to conventional microelectrodes. 
In recent years, it has become possible to follow T-system potential changes opti- 
cally using voltage-sensing dyes, and to separate the optical signals originating in the 
T-system  from  those  contributed  by the  surface  membrane  (Nakajima  and  Gilai, 
1980; Vergara and Bezanilla,  1981; Heiny and Vergara,  1982, 1984).  The purpose 
of the present  experiments  was to examine the electrical  response  of the T-system 
under charge movement recording conditions using potentiometric  dyes. 
Preliminary  reports  of this  work have  appeared  (Jong and  Heiny,  1988, 1989; 
Heiny and Jong,  1989). 
METHODS 
Experimental Preparation and Protocols 
The experiments were performed using single cut skeletal  muscle fibers from the semitendi- 
nosus  muscle  of Rana  catesbiana. The  fibers  were  voltage  clamped  using  a  vaseline-gap 
method. The voltage-clamp chamber and electronics were based on that of Hille and Camp- 
bell (1976), and adapted for optical recording as described previously (Heiny and Vergara, 
1984). 
Briefly,  single fiber segments of 2-3 cm length and 100-160 #m diameter were dissected 
and stimulated extracellularly to verify that an all-or-nothing fast twitch could be elicited.  The 
segments were transferred to a small plastic dish, stretched slightly, then perfused with a high 
potassium, calcium-free relaxing solution (Table I) which caused a transient contraction fol- 
lowed by relaxation. The relaxed segment was transferred  to the recording chamber which 
was filled with the same relaxing solution, then the vaseline seals were applied and the fiber 
length in the end pools was cut down to ~500 #m. The length of the voltage-damped seg- 
ment of fiber in the central pool was 350 #m. To further improve internal  perfusion,  the 
membrane in the end pools was permeabilized either with a brief 2-min protease treatment 
(trypsin, 0.5 mg/ml in internal solution) or, in later experiments, with a 2-min saponin treat- 
ment  (0.01%  saponin in  internal  solution)  using the protocol of Irving et al.  (1987).  The 
solution in the end pools was then exchanged for internal solution (Table I) and the solution 
in the central pool was exchanged with external solution (Table I), to which a staining concen- 
tration of a potentiometric dye (next section) was added. After a staining period of 20-30 
min,  the central pool was exchanged again with external  solution containing a  10-20-fold 
lower concentration of dye. Currents  are expressed  as microamps per microfarad of total HEINY ANt)  JoNt;  A Nonlinear Elearostatic Potential Change in Muscle  149 
fiber linear capacitance (/zA/#F). Linear capacitance was computed from the integral of the 
current transient elicited in response to a 30-mV hyperpolarizing  voltage step from a holding 
potential of -100 mV. 
Solutions 
The composition of the solutions is given in Table I. The external solution was designed to 
eliminate all ionic currents and is similar to charge movement recording solutions used by 
other laboratories. EGTA was included in the internal solution to prevent fiber movement. 
The concentrations listed for the major salts (K-glutamate, Cs-glutamate, and TEA-SO4) are 
approximate and were adjusted slightly to bring the final osmolarity to 235 mosmol for the 
internal solution, and  255  mosmol  for  the  external  solution (+_3 mosmol;  model  5500 
osmometer; Wescor,  Logan, UT). We empirically found that it was  necessary to keep the 
osmolarity of the external solution slightly higher than the internal perfusate to prevent swell- 
ing of the fiber segment in the central pool. This finding is in qualitative agreement with 
estimates of the relative osmotic strengths of frog extracellular and cytosolic fluids (Neville 
and White, 1979; Godt and Maughan, 1988), but differs from results obtained with highly 
TABLE  t 
Solutions 
End pool solutions 
K-GIu  Cs-Glu EGTA  PIPES  MOPS  MgSO4  CaCI~ 
Relaxing  120  0  0.1  5  0  1  0 
Internal  0  90  90  0  5  1.35  0.438 
Central pool solution 
TEA~SO4  MOPS  Cs2SO4  CoSO4  CaSO~  MgSO4  Trx 
External  75  5  5  15  3.25  0.5  1.56 
EGTA, PIPES, and MOPS were added as the free acid. The relaxing,  internal, and exter- 
nal solutions were dtrated to pH 7 using KOH, CsOH, or TEA-OH, respectively. All 
values are in millimolar  except for TIX which is in micromolar. 
stretched cut fibers in which no swelling was observed in solutions of matched osmolarity 
(Irving et al., 1987). We hypothesize that stretch may provide an opposing mechanical force 
that is not present in our relaxed fibers with average sarcomere length of 2.1 #m. The free Ca 
concentration of the internal solution was estimated at 10 -a, and the free Mg concentration 
was estimated at 1 mM, using published constants for EGTA, SO4, and glutamate complexes 
(Martell and Smith, 1974; Smith and Martell, 1976; Godt and Lindley, 1982).  The free Ca 
concentration of the external solution was ~ 1 mM. 
The external solution also contained one of the following potentiometric dyes: WW-375 
(dye XVII of Ross et al., 1977; catalogue No. NK-2495; Nippon-Kankoh Shikiso Kenkyusho 
Co., Ltd., Okayama, Japan), WW-389 (Dr. A. S. Waggoner, Carnegie Mellon University, Pitts- 
burgh, PA), WW-781  (Molecular Probes, Eugene, OR),  RH-155 (catalogue No.  NK-3041; 
Nippon-Kankoh Shikiso Kenkyusho Co., Ltd., Okayama, Japan), or Merocyanine-540 (East- 
man Kodak Co., Rochester, NY). For all except Merocyanine-540, a dye concentration of 0.5 
mg/mi was used to stain the fibers. For Merocyanine-540, a staining concentration of 0.0125 
mg/ml was used. The dyes were added fresh before each experiment and kept in the dark on 
ice to minimize bleaching. In the case of Merocyanine-540, the solutions were also bubbled 
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light and oxygen. Control experiments were performed to measure the fiber capacitance and 
charge movement in the presence and absence of dye. The dyes did not produce any obvious 
changes in either the linear or voltage-dependent fiber capacitance at  the  concentrations 
used in these experiments. 
Cobalt, which was included in the external solution to block calcium currents (Horowicz 
and Schneider, 1981), introduced a measured shift of the charge-voltage curve of 15.5 _+  1.9 
mV (n = 4); on the other hand, the potentiometric dye WW-375, which is negatively charged, 
was found to shift the charge-voltage curve -10 _+ 0.1 mV (n = 2) at the concentrations used 
in these experiments. Therefore, the net shift of voltage-dependent processes expected for 
this solution is ~ + 5 mV. 
All experiments were carried out at a temperature of 5~  which was controlled by a peltier 
device below the chamber. 
Optical Methods 
The optical recording system was  essentially the same as described by Heiny and Vergara 
(1984). Briefly, the voltage-clamp chamber was mounted on the stage of a compound micro- 
scope modified for optical recording. A small spot of quasimonochromatic light was focused 
by a  long working distance objective on the voltage-clamped length of fiber in the central 
pool, through a glass window in the chamber bottom. The wavelength of the incident light 
was selected using narrow band interference filters (half bandwidth, 7-14 rim) and exposure 
times were limited to the recording interval using a  digitally controlled electronic shutter. 
Light transmitted through the illuminated length of fiber in the central pool was collected by 
a second long working distance objective and focused onto a photodiode. It was converted to 
voltage and amplified, after subtraction of the constant component contributed by the rest- 
ing light. The optical signals were  measured as the fractional transmittance change, ~J/I, 
where A/is the change in intensity measured during the test pulse and I is the resting light 
intensity. These signals were expressed as ~  using the relation, ~  =  -0.43 AI/I, which is 
valid for small intensity changes. Signal-averaging  of two to four sweeps per trace was used to 
improve the signal-to-noise ratio. 
The signal from the T-system was selected using unpolarized incident light of wavelength 
700 nm. As previously reported for dye WW-375, these illuminating  conditions select largely 
for the absorbance change originating  in the T-system membranes. A further enhancement of 
the signal from the T-system can be obtained using 0 ~ linearly polarized light (Heiny and 
Vergara,  1984).  However, this was not done in the present experiments to avoid the greater 
signal averaging required with polarized light necessitated by the reduced incident light inten- 
sity. Additionally, we found that the absorbance change from the surface membrane, evident 
as an early rapid step change having the same speed as the voltage-clamp (cf. Figs.  1 and 3), 
runs down more rapidly than that from the T-system and becomes unresolvable within 20-40 
min after the change from the staining to the recording solution. The basis for the faster 
disappearance of the surface membrane signal may be due to a  faster washout of the dye 
staining the surface membrane. Therefore, except for the data shown in Figs.  1 and 2  in 
which more signal averaging was used, we simply waited until the surface membrane signal 
disappeared before recording the T-system signals. We estimate that the maximum surface 
membrane contribution to the total absorbance change was < 10% after the 20-40-rain wait- 
ing period. 
During the time course of an experiment (2-3 h) the dye signals tended to run down as a 
result of both photobleaching and dye washout from the membrane. Over the recording time 
of single traces, the rundown was linear and was corrected by fitting and subtracting a sloping 
baseline from the records (Heiny and Vergara, 1982). Long term decline was monitored peri- 
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exponential that  was  used to  correct  all traces.  Additionally, paired hyperpolarizing and 
depolarizing records were always taken close together in time, and control experiments were 
performed which verified that the findings reported were independent of the order in which 
the pulses were applied. 
Pulse Generation and Data Acquisition 
Pulses were  applied and data were acquired digitally using a  custom-built programmable 
pulse generator and data acquisition system based on an IBM-AT microcomputer (modified 
UCLA-WAD system, Axon Instruments, Inc., Burlingame, CA). The A/D and D/A were both 
singie-channel units with a resolution of 12 bits. Optical and current records were acquired 
sequentially at each test potential by switching the input to the A/D. All bits and control 
pulses to the set-up were opto-isolated from the digital ground to reduce noise. For most 
experiments, the command pulse to the voltage clamp was filtered at 5 kHz using a program- 
mable 8-pole Bessel  filter. Similar filters in front of the A/D inputs limited the final signal 
bandwidth to 1-2 kHz. 
T-System Model Simulations 
The predicted current transients and T-system light signals were modeled using a distributed 
cable equivalent circuit model of the T-system. Eq. 9 of Adrian et al. (1969) was expressed in 
finite difference form using an implicit Crank-Nicholson approximation, and solved numeri- 
cally for the boundary conditions of a voltage-clamped surface membrane with a small access 
resistance at the tubular openings (Adrian and Peachey, 1973). The radial computation inter- 
val, Ar, was set at 1/16 the fiber radius, which effectively divided the T-system into 16 con- 
centric disks, each containing  resistive and capacitive elements proportional to the membrane 
area of that disk. The details of the numerical calculation are as described previously (Ash- 
croft et al.,  1985). This computation yields the predicted current density as a  function of 
time, I,,(t),  at the surface membrane and the predicted T-system potential, VT(r, t), under pas- 
sive linear conditions. The predicted weighted average T-system potential change, (VT(t)), was 
computed by summing  the T-system potential at each disk, weighted by the membrane area of 
that disk. If all of the absorbance signal represents a response to the T-system transmembrane 
potential change, then (VT(t)) is directly comparable with our measured T-system optical sig- 
nals (Heiny and Vergara, 1984; Ashcroft et al., 1985). 
The definitions for the morphological and passive membrane constants used in these calcu- 
lations follow those given in Adrian et al. (1969) and Adrian and Peachey (1973).  The values 
used were: O =  0.003, ~" =  10 -~ cm, a  =  0.5, where P is the fractional fiber volume occupied 
by the T-system, ~" is the volume to surface ratio of the tubules, and a is a network factor that 
describes the degree of isotropy of the T-system cross-sectional geometry at the branch points 
for current flow.  The specific capacitance of the T-system (Cw) was  set at  1 #F/cm  2.  The 
lumen conductivity (GL) was set at 0.011  S/cm, which is the measured conductivity of our 
external solution. The access  resistance (R^)  was  varied from  10-50 O,-cm. It was  found 
empirically that these low access resistance values and a T-system lumen conductivity equal to 
the measured conductivity of the external solution, gave a  good fit to the T-system optical 
transients (Ashcroft et al., 1985; and this paper). Values for the specific wall conductance of 
the T-system, Gw (S/cm~), and the fiber radius (cm) were adjusted for each fiber. Fiber diam- 
eters were measured with a compound microscope at 200 power, and are given for each fiber 
in the figure legends. Our large diameter fibers were typically ellipsoid in cross section and 
were mounted in the chamber with the major axis in the plane of focus. Because the model 
assumes a circular cross section, the value for the radius used to compute the simulated traces 
was adjusted assuming that the measured value overestimates the cross-sectional area by 25% 
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To obtain the predicted T-system response at voltages which activate charge movement, we 
included in each  disk a  voltage- and time dependent capacitance based on the  model of 
Chandler et  al.  (1976a).  In this model, a  single charged species  (Q)  is assumed to  move 
between two states (resting and active), with forward and reverse rate constants (a and/3) that 
are single-valued functions of voltage (V), according to the relations: 
Qr  ,~(v) 
c(v- P)/k 
a(V) =  1 -  exp [(V- V)/k]  (2) 
-c(v-  ~)/k 
/3(V) =  1 -  exp [(V- ~V)/k]  (3) 
where C is an adjustable constant (ms-~),  Vis the midpoint of the charge-voltage distribution, 
and k is a slope factor (mV-l). 
The specific density of charge movement in the T-system, Qw (nC/cm2), was adjusted to give 
a total peak charge movement Q (nC/#F) matching the measured value. The overall rate con- 
stants, r(V), were obtained by fitting the decay of the charge movement transients at each 
voltage to a single exponential, after subtraction of the steady-state leak current, and were 
performed for the experiment of Fig.  7. These were fitted to the equation r(V)  =  a(V)  + 
/3(V). Values for  V and k were taken from the steady-state charge-voltage distribution mea- 
sured in the same fiber and fitted to a single two-state Boltzmann function. The only adjust- 
able parameter was  the factor C (ms-~).  The fits  described above were performed using a 
least-squares method based on the algorithm of Brown and Dennis (1972). 
Although at least two components contribute to the measured charge movement currents, 
the single two-state model used here was considered adequate for the purpose of estimating 
the effect of the additional nonlinear  capacitance on the time course of the T-system charging 
transient. This calculation was  performed at a  single large applied potential at which  the 
decays of the two components merge together (cf. Figs.  7 and 8).  The time course of the 
predicted  weighted-average  T-system  potential  change  was  compared  with  the  T-system 
optical transient of Fig. 7, which was obtained at the same potential. 
Comparisons of the overall model predictions, lm(t) and (VT(t)), with the measured current 
and light traces were judged by eye.  Because the calculation depends on a large number of 
membrane constants it was not considered worthwhile to perform a detailed least-squares fit 
of the model to the data; the fitted parameter values would not be uniquely determined and 
such calculations are impractical on our microcomputer. We used published values that were 
reasonably well determined for most of the T-system membrane constants, then adjusted the 
fiber radius and wall conductance for each fiber. This was adequate for the purposes of the 
comparisons made in Figs. 3 and 9 of this study. 
RESULTS 
Dye Controls 
Dye WW-375 belongs to the merocyanine-rhodamine class of voltage-sensing dyes 
which have been shown to act as rapid, linear probes of transmembrane potential in 
a  wide variety of tissues and recording conditions (Ross  et al.,  1977;  Cohen and 
Salzberg, 1978; Gupta et al., 1981). In skeletal muscle, because the dye is nonpene- 
trating and stains all membranes accessible to the extracellular solution, the optical 
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T-system membranes. A careful analysis of the action spectrum of this dye in skeletal 
muscle and its relationship to the physico-chemical mechanisms of the dye response 
has shown that it is possible to identify and separate the contributions of the surface 
and  T-system  membranes  to  the  total  optical  signal  (Heiny and  Vergara,  1982, 
1984). 
We performed control experiments to determine if the response of this dye under 
charge movement recording conditions was similar to that previously reported using 
more physiological salt solutions. Fig.  1 shows optical signals recorded at two wave- 
lengths from a voltage-clamped muscle fiber stained with dye WW-375 and perfused 
internally  and  externally with  solutions  designed  to  eliminate  all  ionic  currents 
(Table I). The wavelengths chosen correspond to those at which the largest signal 
from either the surface (740 nm, right traces) or T-system membrane (700 nm, left 
traces) was found in previous studies. The signals were recorded in response to the 
same 60-mV hyperpolarizing voltage-clamp pulse, from a holding potential of -  100 
mV; additionally, the signals at each wavelength were recorded in response to pulse 
durations of both  1 ms (top traces) and  15 ms flower traces). As can be seen, two 
signal components contribute to the absorbance change at each wavelength. There 
740  nm 
700  nm 
..~,ff'X,...,_~  FXCURE 1.  Absorbance  sig- 
~'~f~'~  .  ,  nals  recorded  at  two  wave- 
1  ms  lengths  and  pulse  durations, 
ff'~'~k~,.~,  from  a  muscle  fiber  stained 
with dye WW-375  and pulsed 
A  A  to  -- 160  mV.  Fiber diameter, 
~,,~[  ,  ,  I  2"~176  108#m" 
15  ntl 
is  an early fast signal  component (top, right)  that  rises within  60  ~s,  which is  the 
speed of the applied voltage-clamp step in these experiments; as shown previously, 
this component is contributed by the surface membrane and is largest at 740 nm. 
There is also a  slower component that is best seen in the longer duration records 
flower traces); this component has a time course compatible with its arising from the 
voltage change in the T-system which lags the applied voltage step, and is largest at 
700 nm. 
These results indicate that the wavelength-dependent separation of surface and 
T-system  membrane  signals  previously  reported  for  this  dye  is  not  significandy 
altered by the recording conditions of these experiments. 
To further analyze the spectral properties of the dye in these conditions, we mea- 
sured the action spectra of the separate surface and T-system signals over the entire 
absorption band. Fig. 2 shows the action spectra recorded from a fiber illuminated 
with unpolarized quasimonochromatic light from 600-800 nm, and stimulated with 
the  same  -60-mV  voltage-clamp  pulse.  The  surface  membrane  signal  (+)  was 
defined as  the  absorbance  change  at  60  #s  and  was  measured  using  short  I-ms 
pulses with more extensive signal averaging (32 sweeps); the T-system signal  (open 154  THE JOURNAL OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  95  .  ] 990 
circles) was defined as the steady-state absorbance change at 30 ms less the surface 
membrane signal, and was obtained using longer duration pulses (see inset). As can 
be seen,  the action spectrum of the signal from both membranes is triphasic, with 
negative absorbance peaks at 650  and  700  nm, and a  positive absorbance peak at 
740  rim; the T-system signal is largest at  700  nm, whereas the  surface membrane 
signal is largest at 740 nm. Similar spectra were obtained in two additional fibers. 
Comparison of these spectra with those obtained previously (Heiny and Vergara, 
1982,  1984)  indicates  that  the  spectral  properties  of  the  potential-dependent 
response of dye WW-375  are essentially similar in both solutions.  From this result 
we can also infer that the mechanism of the potential-dependent  response of WW- 
375 is not significantly different under these conditions. 
AA 
XlO 4 
-2 
WW  375  0  CzHs 
SO;--  (CH2}3-  N~=C- C=  C- C= $~  S 
C7""  -O-  ,t"O'~"O 
+- +-~-~..~  ,,~..  ..~,.  700  ~+'-+ 
￿9  '  e6o  '  ",,"+-----~  ....  ,,'*,  "+..+ +~+~' 
step 
-~-~~---  steady 
'o 
760  nrn 
FIGURE 2.  Action  spectra of the  absorbance signals  contributed  by the  surface  (+)  and 
T-system (O) membranes stained with dye WW-375.  The absorbance change contributed by 
the surface membrane was measured as the amplitude of the step component at 60 #s. The 
absorbance change contributed by the T-system was measured as the steady-state amplitude 
at 30 ms, less the step component (see inset). The lines through the data points were drawn by 
eye. 
Quality of Voltage-Clamp Control of the T-System 
We  used  the  T-system signal  at  700  nm  to  examine  the  passive  behavior of the 
T-system in these solutions under a variety of conditions.  Fig.  3  examines the time 
course  of passive charging of the  T-system in  response  to  a  hyperpolarizing  test 
pulse  from  -100  to  -170  inV.  The  top  trace  shows  the  membrane  potential 
recorded with the voltage clamp; the middle trace is  the T-system light signal;  the 
lower trace is the membrane current.  In this voltage range,  nonlinear  membrane 
phenomena should be absent, and the T-system light signal should reflect solely the 
passive electrical behavior of the T-system. As shown,  the voltage recorded at the 
surface  membrane  settles  to  a  constant  amplitude  in  60  #s.  As  expected,  the 
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charging time of 4 ms (measured at 95% of the final value), the T-system light signal 
is constant. In 14 fibers, the mean time for the optical signal to reach a steady level 
was  3.7  +  0.2  ms  (range  2.5-6  ms), for fibers of mean diameter of 129.3  +  5.6 
/.tm. 
It should be noted that the light signal from the T-system represents a weighted 
average of potential changes occurring along the entire fiber radius. Therefore, the 
absorbance change contributed by the T-system potential at each radial position will 
be proportional both to the potential and the amount of membrane at that radial 
position. Since there is more T-system membrane in an annulus near the edge than 
near the center of the fiber, potential changes near the edge of the fiber will con- 
tribute  proportionately  more  to  the  total  optical  signal.  For  these  reasons,  the 
optical signal at early times reflects predominantly the time course of the more rap- 
A  Vm 
-170  mV 
4  ms 
B  -  ~'-:,  ~  AA 
J  2.0  X  10 -4 
L  13O A,.F 
2S  ms 
C ---~ f 
! 
FIGURE 3.  (A) Membrane potential 
recorded with the voltage clamp. (B) 
T-system absorbance signal recorded 
with  dye  WW-375  at  700  nm;  the 
95% point is indicated by circle.  (C) 
Membrane current.  The continuous 
lines  are the fiber responses elicited 
with  a  hyperpolarizing  applied 
potential  step to  -170  mV from a 
holding potential of -100  inV. The 
dashed lines through traces B and C 
are  the  predicted  weighted  average 
T-system  potential  change,  (VT(t)), 
and  predicted  membrane  current, 
computed using a radial cable equiv- 
alent  circuit  model  of the T-system 
(see  text).  Sampling  rate,  40  /~s/ 
point.  Fiber diameter,  110  /~m. The 
adjustable  parameters  used  in  the 
model simulation were: RA =  10 fl- 
cm, Gw =  2.2  /~S/cm  2,  radius  =  50 
0.m. 
idly charging outer regions of the T-system. The data of Fig.  3  indicates, however, 
that  after  an  initial  charging  time,  the  potential  of all  regions  of the  T-system, 
including the more slowly charging regions at the center of the fiber, is constant. At 
this  time,  because  of the  high  membrane  resistance  expected  in  these  solutions, 
steady  state  differences  in  potential  along  the  radius  should  be  small  and  the 
T-system potential at every point should approach the command potential. 
The quality of space-clamp control in the T-system in the steady-state can be eval- 
uated by calculating some limiting values for the T-system space constant. A  lower 
boundary can be estimated from the  measured steady-state membrane current  in 
this  fiber, which  was  1.0  /~A/#F.  If we assign  all of this current  to ionic  conduc- 
tances,  which  is likely to be an upper limit since leak currents  across the vaseline 
seals contribute  a  small component,  the  fiber membrane resistance  is at least  10 156  THE JOURNAL  OF  GENERAL  PHYSIOLOGY.  VOLUME 95.  1990 
kfl-cm  2, referred to the outer membrane surface. A specific resistance of this magni- 
tude  in  the T-system would  give a  radial  space constant  of at least  70  #m, which 
would produce a maximum steady-state potential decrement of 15% at the center of 
a  100 #m fiber. The actual specific membrane resistance and space constant of the 
T-system in these solutions are likely to be much greater. 
We can also compare the light and current records to the signals predicted from a 
radial cable model of the T-system to obtain an independent estimate of the actual 
radial  space constant  under  these  conditions.  For example,  using the  model  and 
constants given in Methods, it was possible to obtain a reasonable prediction for the 
T-system light signal and simultaneously fit the capacity transient measured from the 
same fiber, assuming a specific T-system membrane conductance, Gw of 2.2 #S/cm  2. 
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FIGURE 4.  T-system  absorb- 
ance  signals  elicited  in 
response  to  imposed  steps  to 
the indicated potential, from a 
holding potential of -  100 mV. 
Dye WW-375,  700  nm.  Fiber 
diameter, 110 #m. 
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These predicted transients are shown in the dashed lines of Fig. 3, B and C. For five 
additional  fibers analyzed in this way, the adjusted values of Gw ranged from 2-20 
#S/cm  2.  These values agree  reasonably well with estimates of 3-7 ~tS/cm  ~ for the 
specific T-system membrane resistance in passive solutions, obtained from an analy- 
sis of the effective membrane capacity (Adrian and Almers, 1974). This range of Gw 
values corresponds to a radial space constant of 135-400 #in, or about two to eight 
fiber radii. The lowest (worst case) value predicts a maximum steady-state potential 
decrement  from the  edge to  the  center of the  fiber of 3.5%.  These results  taken 
together indicate that a  good space clamp of the T-system is achieved under these 
conditions in the steady-state, as expected. 
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both  hyperpolarizing  and  depolarizing  voltage  steps.  In addition,  the  pulses  were 
extended to 150 ms duration  in order to examine the T-system voltage over record- 
ing times typically used for charge movement measurements. 
It can be seen  that the T-system light  signal elicited with hyperpolarizing  pulses 
(Fig.  4,  left  traces)  increases  in  an  approximately  linear  manner  with  increasing 
hyperpolarization,  and  remains  constant  for  the  duration  of  the  pulse.  Similar 
results are seen in the depolarizing direction, where the direction of the absorbance 
change  is  reversed  (Fig.  4,  fight  traces).  However,  a  closer  comparison  of paired 
hyperpolarizing  and  depolarizing  light  signals  reveals  some  differences  in  their 
kinetics  and  amplitude.  The light  signal  recorded  in  the  hyperpolarizing  direction 
reaches a steady level within a few milliseconds at all potentials.  In contrast,  the light 
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FIGU~  5.  (.4)  Steady-state T-system absorbance  change  (o) vs. command potential  (milli- 
volts). The steady-state absorbance change was measured at the end of a  150-ms pulse. It was 
computed as the mean value during the last 6  ms at the pulse end, minus the mean value 
during the 6 ms before the pulse start. The solid line was fitted through the hyperpolarizing 
data points (fitted slope, 2.53 x  10 -6 ~/mV;  correlation coefficient, 0.999). The dotted line 
is the extrapolation of the same fitted line to positive potentials.  (B) Steady state current at 
150 ms (O) vs. command potential, from the same fiber. The solid line was fitted through the 
hyperpolarizing  data  points  (fitted  slope,  0.024  #A/~F  per  mV;  correlation  coefficient, 
0.999).  Dye WW-375,  700 nm. Fiber diameter, 115 ~m. 
signals  elicited with depolarizing  pulses  to  -40  and  -30  mV take up to 20  ms to 
reach  a  constant  amplitude;  moreover,  this  amplitude  is  larger  than  that  of the 
equivalent hyperpolarizing  pulse. These differences are examined  in more detail in 
the following figures. 
Fig.  5 A  examines the relationship  between  the steady-state T-system light signal, 
and  the  command  potential  applied  at  the  surface  membrane.  It is apparent  that 
this  relationship  is  not  completely  linear,  as  expected  for  a  purely  passive  mem- 
brane.  The hyperpolarizing data points and the depolarizing data below --60  mV 
can be well fit with a single straight line. However, at larger depolarizations  the data 
deviate from the fitted line. This deviation appears to saturate  at large depolarized 158  THE  JOURNAL OF  GENERAL  PHYSIOLOGY. VOLUME  95  ￿9 1990 
potentials and at -20  mV represents an absorbance increase of 22% with respect to 
the fitted line.  The mean percent increase in  17 fibers examined was  17.8  _+  3.3% 
(SD). 
Fig. 5 B compares the corresponding steady-state current-voltage relationship to 
examine whether the nonlinearity in the T-system light signal could be explained by 
lack of voltage-clamp control in  the T-system caused by residual  unblocked ionic 
currents. A problem with voltage-clamp control in the T-system would necessarily be 
associated with nonlinearities in the current-voltage relationship. 
In this fiber, the current-voltage relationship was linear at potentials below ~- 55 
mV.  However, above this  voltage we detected  a  small  outward  current which we 
attribute  to residual ionic currents that are not entirely blocked in these solutions. 
It should be noted that the steady-state current plotted in Fig.  5 B includes cur- 
rent from all sources, i.e.,  ionic currents from both the surface and T-system, and 
leak  currents  across  the  vaseline  seals  (at  voltages near  the  mechanical  threshold 
there  may also be a  small  contribution from Q~ charge movement which has very 
slow kinetics in this voltage range; Adrian and Huang, 1984). The current for paired 
hyperpolarizing and depolarizing traces can be added to isolate the net nonlinear 
ionic current.  When  this was done for the  fiber in  Fig.  5 B,  the  net ionic current 
above  -55  mV was  outward,  and  reached  an  amplitude  of 0.34  #A/#F  at  -20 
mV. 
In other fibers, the net nonlinear ionic current was variable in both polarity and 
amplitude.  The extra current ranged from essentially unmeasurable to a maximum 
of _+0.5 #A/~F at  -20  mV. It could be either outward or inward depending on the 
fiber and the potential. This contrasts with the nonlinear optical signal which was an 
absorbance increase over the same voltage range in every fiber. 
In  considering whether  these  residual  ionic currents  could cause  the  T-system 
potential to deviate from voltage-clamp control, we first note that,  for the fiber in 
Fig. 5, the direction of the residual current is opposite that which would be required 
to drive the T-system to a larger amplitude than the applied potential; to do this in 
this voltage range would require an active conductance generating an inward cur- 
rent. 
For fibers in which a net inward current was detected in this voltage range, we can 
test whether a  current of the magnitude detected would be sufficient to cause the 
T-system to escape from voltage-clamp control and drive the T-system to more pos- 
itive  values by ~ 10-20  inV.  We first compared this  inward  current with  previous 
studies of the extent to which the T-system potential deviates from linearity under 
conditions  in  which  an  active  T-system  conductance  was  intentionally  left 
unblocked. For example, when the sodium conductance of the T-system is activated, 
local  sodium currents can drive  the T-system potential  to a  value larger  than  the 
applied step potential, setting up a positive feedback loop which causes the T-system 
to escape from voltage-clamp control (Vergara and Bezanilla,  1981; Heiny and Ver- 
gara,  1982). Under such conditions, it is possible to have a large potential change in 
the T-system that is not associated with a correspondingly large current density sup- 
plied by the voltage clamp. In this case, a pulse to  -50  mV produced an extra late 
sodium current from the T-system ("notch") of ~10 #A/#F that was sufficient to 
cause  the  potential  of  the  T-system  to  escape  from  voltage-clamp  control  and HEINY  AND JONG  A Nonlinear Electrostatic Potential  Change  in Muscle  159 
approach the sodium equilibrium potential. This measured radial current was two 
orders of magnitude greater than the residual currents detected in the present study 
using passive solutions, over the voltage range where the extra absorbance signal 
occurs. It is also possible to calculate theoretically the minimum active current from 
any source that would be required to drive the T-system more positive by 20 mV. 
We performed this calculation numerically using the model described previously, to 
which was added an arbitrary active conductance of general form (i.e., time-inde- 
pendent activation and equilibrium potential set positive to the command potential 
to give inward current). The calculation was relatively insensitive to a range of values 
assumed for the passive T-system membrane constants, except for the access resis- 
tance parameter; for values of access resistance ranging from 0 to 150 t2-cm, a pre- 
dicted radial current density of 10-30 #A/#F measured at the surface membrane by 
the voltage clamp was required for the weighted average T-system potential to show 
a  positive deviation as  large  as  20  inV.  Again,  both  the  measured and  predicted 
values are one to two orders of magnitude larger than any current we detect. 
We also considered the possibility that some residual unblocked passive conduc- 
tance might be present in the T-system. Another way it might be possible to obtain a 
depolarizing voltage change in the tubules larger than the equivalent hyperpolariz- 
ing response is if there were some unblocked passive conductance in the T-system 
that  was  turned  on  in  the  hyperpolarizing range  of potentials.  In  this  case,  the 
T-system would charge to a  smaller average potential in the hyperpolarizing direc- 
tion compared with the equivalent depolarizing pulse, which results in an apparent 
extra depolarization when paired optical traces are compared. The net ionic current 
obtained by adding paired depolarizing and hyperpolarizing currents at each volt- 
age would be inward. We can compare the present results with previous studies of 
the inward rectifier conductance of the T-system (Ashcroft et al.,  1985), in which it 
was  shown that a  specific membrane conductance of 0.5  mS/cm  2 in the T-system 
was required to attenuate the optically measured hyperpolarizing T-system voltage 
transient by 20-30% (equivalent to 10-20 mV transmembrane potential change). A 
conductance of this magnitude in the T-system would produce a radial current den- 
sity of 100-300 #A per square centimeter of surface membrane (or 10-30 #A/#F), 
measured with  the voltage clamp.  In  the  passive solutions  used here,  the inward 
rectifier is largely blocked by Cs and TEA, and the maximum net inward current is 
one to two orders of magnitude less than that required to alter the T-system voltage 
by 10-20 mV. 
The same arguments hold for possible unblocked agonist-activated conductances. 
It is possible to propose, for example, that calcium released from the sarcoplasmic 
reticulum at depolarizing potentials might activate calcium-dependent conductances 
in the T-system. However, any conductance, irrespective of how it is initially turned 
on, would be expected to produce ionic current which should be detected by the 
voltage clamp. 
We conclude that the residual ionic currents detected under these conditions are 
not sufficient to produce changes in the weighted average T-system potential of the 
magnitude indicated by the extra absorbance signal.  Taken together, these results 
suggest  that  the  nonlinearity in  the T-system light  signal  cannot be explained by 
voltage decrements or escape of voltage-clamp control in the T-system. 160  THE JOURNAL  OF GENERAL PHYSIOLOGY  ￿9 VOLUME 95 ￿9 1990 
Dependence  of the Nonlinear Signal on Holding Potential 
Fig. 6 examines the dependence of the T-system absorbance change on the holding 
potential.  In this case, the membrane potential was stepped positive and negative to 
the indicated  potential,  from a  holding potential  of either  -  100  (open circles)  or 0 
mV (filled circles). 
As can be seen, the absorbance change recorded in response to voltage steps from 
a holding potential of -  100 mV deviates from linearity in the voltage range of -  80 
to  -20  mV, which is  similar  to that shown in Fig.  5.  In contrast,  when  the  mem- 
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FIGURE 6.  Steady-state T-system absorbance change vs. command potential (miilivolts),  for 
two different holding potentials.  The  fiber was stepped  to the  indicated  potential  from a 
holding potential of either -  100 mV (open circles) or 0 mV (filled circles). The solid lines were 
fitted through the hyperpolarizing data points. For the data points taken from the -  100 mV 
holding potential,  the fitted slope factor was 3.12  x  10 -6 AA/mV (correlation coefficient, 
0.999). The dotted line is the extrapolation of the fitted line to positive data points. For the 
data points taken from the 0-mV holding potential, the fitted slope factor was 3.14  ￿  10 -6 
AA/mV (correlation coefficient, 0.999). Dye WW-375, 700 nm. Fiber diameter,  125/zm. 
brane is stepped from a  holding potential  of 0  mV, these deviations disappear and 
the  response  is  linear  over  the  entire  voltage  range  explored,  including the  same 
range  where  the  extra  response  was observed  from the  normal  holding potential. 
When the line  fit through  the hyperpolarizing data  points  (solid  line)  was extrapo- 
lated to positive potentials (dashed  line),  the depolarizing data points fell entirely on 
this line.  Moreover, the fitted slope factor was not significantly different from that 
which  fit the  hyperpolarizing data  obtained  with  the  -lO0-mV  holding potential. 
This  phenomenon  is  reversible;  if the  holding potential  is  returned  to  -1 O0  mV 
(not shown), the nonlinearities  in the absorbance response reappear. HEI~r~  AND JONg  A Nonlinear Electrostatic Potential Change in Muscle  161 
In  considering  whether  some dye-related artifact  might be  responsible  for  the 
extra absorbance signal, it is relevant that in the voltage range of -80  to  -20  mV 
the dye is being challenged to sense the same absolute membrane potential in both 
cases,  the  only difference  being that  the  two  measurements  start  from different 
holding potentials.  It is difficult to postulate a dye-related process in which the dye 
could "know"  the initial conditions.  On the other hand,  a  number of membrane- 
related processes are known to exist that inactivate in a voltage-dependent manner. 
For these reasons it seems unlikely that the extra absorbance signal is an artifact of 
the dye response, or for that matter of something else in the protocol or light-mea- 
suring system. These considerations,  combined with the finding that the same dye 
gives a  linear response to potential in the surface membrane (Heiny and Vergara, 
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FIGURE 7.  T-system absorbance  signals  (top traces)  and  membrane current  (lower  traces) 
recorded for potential steps of 25-ms duration to -  20 mV (A) and -  180 mV (B). The top of 
C superimposes the depolarizing and inverted hyperpolarizing absorbance traces, for com- 
parison. The lower part of C shows the difference membrane current (A plus B).  Dye WW- 
375, 700 nm. Same fiber as Fig. 3. 
1982),  suggest  that  the  extra  absorbance  change  reports  a  T-system membrane- 
related phenomenon. 
Comparison with Charge Movement 
The extra absorbance change  has several features  that  suggest  a  correlation with 
mechanical activation. It appears in the same voltage-range as charge movement and 
mechanical activation. Similarly, it disappears after prolonged depolarization as do 
both charge movement and the mechanical response of muscle fibers (Hodgkin and 
Horowicz, 1960; Chandler et al., 1976a, b; Adrian et al., 1976). Therefore, we com- 
pared the optical  traces with charge movement currents  recorded  from the  same 
fiber. 
Fig.  7 compares the absorbance signals and currents at early times, from a fiber 162  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  95  ￿9  | 990 
held at  -100  mV and pulsed to  -20  mV (Fig.  7A) and  -180  mV (Fig.  7B). The 
top  traces  in  C  show  the  hyperpolarizing light  signal  inverted  and  superimposed 
with the depolarizing light trace for comparison; the lower trace shows the net non- 
linear current (A plus B), which reveals the voltage-dependent charge movement. As 
noted above, the depolarizing light signal (Fig. 7 A, top) takes longer to reach a con- 
stant  level  than  the  corresponding  hyperpolarizing transient  (Fig.  7 B, top).  Like- 
wise, it returns more slowly to the baseline when the pulse is turned off. It is appar- 
ent that these kinetic differences correlate with similar differences in the speed of 
the corresponding capacity transients (Fig. 7, lower traces, A and B). 
A parallelism between the time course of the current decay and the light signals is 
expected  since  the  current  transients  reflect  the  current  that  is  charging  the 
T-system to the new potential. In this case, the observed kinetic differences between 
depolarizing  and  hyperpolarizing  traces  are  also  expected  since  the  fiber capaci- 
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Same fiber and protocol as Fig. 7, but for pulse durations of 150 ms. 
tance at -  20 mV is greater than at -  180 mV, which is because of the extra voltage- 
dependent  capacitance contributed  by charge movement. We chose  -20  mV for 
this comparison because it is near the midpoint of the charge-voltage distribution, 
where the voltage-dependent capacitance is maximum. 
Fig. 8 shows the same comparisons for a longer pulse duration. It can be seen that 
the extra absorbance signal remains constant for the duration  of the pulses,  after 
the charge movement current transient has decayed. Again, there is no correlation 
between the extra light signal and unblocked ionic currents, which in this fiber were 
less than 0.03 #A/~F at the pulse end (Fig. 8 C, lower). 
From these data, it is apparent that kinetic differences on the light signal appear 
at approximately the  same time as charge  movement appears, whereas amplitude 
differences remain after the charge movement current has decayed. 
We can compare this finding qualitatively with  the electrical response expected 
for a membrane that contains a voltage-dependent capacitance. Activation of a volt- HEINY  AND JONG  A Nonlinear Elearostatic Potential  Change in Musc/e  163 
age-dependent charge movement is expected to slow both the capacity transient and 
the T-system voltage transient.  However, it is not expected  to alter the steady-state 
T-system voltage or to drive it to a larger potential. Charges confined to move within 
a dielectric are inherently "nonelectrogenic."  By analogy with a loss), capacitor, such 
charges are expected to rotate to oppose an applied field, thereby reducing the net 
voltage across the capacitor; in the case of a voltage-clamped membrane, the voltage 
clamp supplies the extra current to bring the potential back to the command poten- 
tial. 
To obtain  a  more quantitative  estimate of the effect of charge movement on the 
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FIGURE 9.  (A) (Top traces)  predicted weighted average T-system potential change,  (Vx(t)), 
for hyperpolarizing and depolarizing applied potential  steps of _+80 mV from the holding 
potential.  (Lower  traces)  the  corresponding  predicted  membrane  current  transients.  The 
hyperpolarizing voltage and current traces are shown inverted, and are the faster transients 
of each pair. (B) The top traces compare the depolarizing optical transient of Fig.  7 A  (contin- 
uous line) with the predicted depolarizing weighted average T-system potential change (da,hed 
line). The lower traces compare the observed charge movement transient of Fig.  7 C (continu- 
ous line) with the predicted charge movement transient (dashed line). The adjustable parame- 
ters used in the model simulation were: RA =  10 ~-cm, Gw =  2.2 #S/cm 2, radius  =  50 #m, 
Qw =  60 nC/cm ~,  v  -  -35  mV, k  =  8.5  mV, C  ~  0.065  ms -1 , Q  =  250  nC/cm  2 (27 nC/ 
mF). 
time course  of the  T-system charging  transient  at depolarized  potentials,  we com- 
pared these traces with those predicted by a  radial cable model of the T-system that 
included  a  voltage-  and  time-dependent  capacitance.  Parameters  were  chosen  to 
give  predicted  optical  and  current  transients  that  closely matched  those  shown  in 
Fig.  7, as described  in Methods.  The predicted  hyperpolarizing optical and current 
traces for this fiber were  shown in Fig.  3  and gave a  prediction  reasonably close to 
the passive T-system membrane  response of this fiber. These same fitted traces are 
shown  inverted in  Fig.  9 A  (the faster signals  of each pair)  and  compared with  the 
optical and current traces predicted for the same fiber at a depolarizing potential of 164  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  95  ￿9  1990 
-  20 mV (the slower traces of each pair). As noted previously, the charging time of 
-4 ms obtained from the hyperpolarizing optical data is close to that predicted for a 
fiber of this diameter in passive solutions. From this comparison, it can also be seen 
that the slower charging time observed in the depolarizing optical data is consistent 
with what is expected from a membrane having a nonlinear capacitance with param- 
eters close to those measured for charge movement. In this simulation, the time for 
the  T-system  to  reach  95%  of its  final  value  was  8  ms.  This  kinetic  difference 
between the depolarizing and hyperpolarizing optical transients is expected because 
the T-system cable is not isopotential under non-steady-state conditions and cannot 
be rapidly voltage clamped. However, it can also be seen that a cable having these 
electrical properties is expected to charge to the same steady-state amplitude as the 
applied potential, for both pulse polarities.  Fig.  9 B, top, compares this predicted 
weighted average T-system potential change (dashed line)  with the observed depolar- 
izing optical transient (from Fig. 7 A). The time course of the observed optical tran- 
sient parallels the predicted T-system signal.  However, after the first few millisec- 
onds, its amplitude is greater by an approximately constant amount. This difference 
disappears when the membrane is repolarized. This difference represents the com- 
ponent of the depolarizing optical signal that is not expected for the charging tran- 
sient of the T-system in the presence of charge movement. Fig. 9 B, lower, shows the 
predicted  current  traces  of Fig.  9 A,  subtracted,  to  reveal  the  predicted  charge 
movement (dashed trace). The latter reproduces most of the features of the observed 
transient of Fig. 7 C (continuous  trace, shown here at higher gain), after the first few 
milliseconds.  The  actual  charge  movement  transient  has  multiple  components, 
including an early fast component, that is not reproduced by the simple two-state 
model  used  here,  and  will  also  affect the  time  course of the  predicted T-system 
charging transient,  (Vx(t) ). 
In summary, kinetic differences in the T-system charging time are expected from 
a  membrane with charge movement, whereas amplitude differences are  not.  The 
observed kinetic differences between depolarizing and hyperpolarizing optical sig- 
nals  are  quantitatively consistent  with  the  parameters  of charge  movement,  and 
therefore these differences can be largely attributed to charging delays produced by 
charge movement.  However, charge movement itself could not produce an extra 
depolarization and we  must  consider alternative hypotheses for the origin of the 
extra nonlinear absorbance change. 
Location  of the Extra Absorbance Change 
The  most  likely proposal  is  that  the  extra  absorbance  signal  reports  some  local 
change  in  electrostatic potential  in  or near  the  T-system membranes.  The latter 
would exist only inside the bilayer or within molecular distances of the membrane, 
and  would  not  be controlled by the  voltage  clamp which  responds  solely to  the 
potential of the bulk solution. On the other hand, potentiometric dyes are probes of 
molecular dimensions  and  they readily associate with  membranes.  A  response  to 
both the bulk transmembrane potential and to local electrostatic potentials is neces- 
sarily expected for any charged or dipolar molecule that partitions in the membrane 
and whose spectral properties are sensitive to the microenvironment. In fact, a large 
body of experimental data demonstrates that the spectral properties of most poten- HEINY AND JONG  A Nonlinear Electrostatic Potential Change in Muscle  165 
tiometric dyes, in addition to their well-characterized responses to bulk transmem- 
brane potentials, are sensitive to local electrostatic potentials (Aiuchi and Kobatake, 
1979;  Russell et al.,  1979;  Krasne, 1980,  1983;  Beeler et al.,  1981). 
Therefore, we repeated these experiments with other potentiometric dyes whose 
chromophores have different structures, charge distributions, and permeabilities in 
lipid bilayers.  We chose two additional merocyanine dyes, WW-389 and Merocyan- 
ine-540  (Cohen et al.,  1974;  Ross et al.,  1977),  and two oxonol dyes, WW-781 
(Gupta et al., 1981) and RH-155 (Grinvald et al., 1986) whose structures are shown 
in  Fig.  10.  All  are  reported to be  fast response,  nonpenetrating potentiometric 
probes,  but  sense  membrane potential by different mechanisms 0Naggoner and 
Grinvald,  1977;  Waggoner,  1979).  A  schematic of the  proposed mechanisms of 
action, summarized from the work of other laboratories, is shown to the right of 
each dye. For each of the dyes tested, it was possible  to find a T-system signal com- 
ponent having a time course comparable to that shown for dye WW-375 (Fig. 3) in 
response to hyperpolarizing pulses.  The wavelength used was that which gave the 
largest T-system signal. It should also be noted that the signals from each of the dyes 
displayed kinetic differences (not shown) similar to those reported in Figs. 7 and 8 
for dye WW-375, and that the steady-state membrane current recorded from fibers 
stained with these dyes showed a linear voltage dependence, similar to that shown in 
Fig.  5 B for dye WW-375.  We next examined whether these dyes reported differ- 
ences in steady-state amplitudes between depolarizing and byperpolarizing pulses, 
similar to that found with dye WW-375 (Fig. 5). 
Merocyanine-540 (M-540) was tested because it is the most extensively character- 
ized of the merocyanine dyes. The merocyanine molecule (Fig. 10) has a single neg- 
ative charge at the sulfonate end that partitions in the aqueous phase and renders it 
membrane impermeant, and a hydrophobic chromophore of delocalized charge and 
high dipole moment (~ 10  Debye)  which readily associates with membranes (Wolf 
and Waggoner, 1986). The fixed charge is confined to the aqueous phase and serves 
as  a pivot point for rotation of the chromophore; spectral changes result from a 
potential-dependent shift of a dynamic equilibrium between monomeric dye mole- 
cules oriented with the long axis of the chromophore perpendicular to the mem- 
brane,  and  dimerized  molecules oriented  parallel  to  the  surface  of the  bilayer 
(Warashina and Tasaki,  1975;  Waggoner and Grinvald, 1977;  Dragsten and Webb, 
1978;  Waggoner,  1979;  Wolf and Waggoner,  1986).  The  results  obtained with 
M-540  are  shown in Fig.  11  (left plo0  and are  similar to that reported for dye 
WW-375,  although the absolute magnitude of the signals is smaller due to the hun- 
dredfold lower dye concentrations used.  Nevertheless, a  large extra absorbance 
change is observed at depolarized voltages.  In this fiber, the absorbance change at 
-20 mV was 21% larger than the fitted line; on average, the mean percent increase 
in three fibers was 23  + 2% (SD). 
Dye WW-389 was also tested because it is a close merocyanine-rhodamine ana- 
logue of dye WW-375.  The merocyanine-rhodamine dyes belong to the same gen- 
eral class of dyes as Merocyanine-540. They also have a hydrophobic, dipolar chro- 
mophore and, most likely, sense potential by similar mechanisms (Wolf and Wag- 
goner,  1986).  Dye WW-389 has a  butyl in place of the ethyl side chain, which is 
expected to render it more lipophilic. The results with dye WW-389 (not shown; 
700 nm) were indistinguishable from those shown in Fig. 5 for dye WW-375. 166  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 95 ￿9 ] 990 
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FIGURE  l 0.  Dye structures and proposed mechanisms of action. The chromophores of the 
merocyanine dyes, Merocyanine-540 (M-540) and WW-389, are dipolar and are proposed to 
sense membrane potential by a rotation-dimer mechanism. The chromophores of the oxonol 
dyes, WW-781  and  RH-155,  have a  delocalized negative charge  (denoted by the oval sur- 
rounding the  minus sign) and  are proposed to sense potential by a  rapid ON-OFF mecha- 
nism. 
WW-781  was  tested  because  it  gives  a  large  potential-dependent  absorbance 
change  in voltage-clamped squid axons  (Gupta et al.,  1981)  and  because it is  the 
most well characterized of the oxonol dyes (George et al., 1988a,b). Like M-540, it is 
an amphipathic molecule with a fixed negative charge that serves as an anchor in the 
aqueous  phase, and a  hydrophobic chromophore  with delocalized negative charge 
that penetrates a  short distance into the bilayer. The center of charge of the chro- 
mophore  is  estimated  to  lie  ~10  /~  from  the  membrane  surface  (George  et  al., HEXNY  AND  JONG  A Nonlinear Electrostatic Potential  Change  in Muscle  167 
1988b). This molecule is thought to lie colinear with the membrane lipids and does 
not undergo potential-dependent rotation as with the merocyanine dyes. Instead, 
the potential-dependent response of oxonol dyes is attributed to an "ON-OFF" mech- 
anism involving the rapid redistribution of dye between membrane binding sites and 
the aqueous phase  (Waggoner,  1979). The results with this dye (not shown) were 
similar to those described for the merocyanine dyes. A nonlinear absorbance change 
appeared at depolarizing potentials positive to --50  mV; in one fiber, the maxi- 
mum increase of the steady-state amplitude was 40% larger than the paired hyper- 
polarizing amplitude (640 nm). 
Finally,  these  experiments were  repeated with  the  oxonol dye RH-155,  which 
gives a large potential-dependent absorbance change in nerve membranes (Grinvald 
M  540  AA xl0 s 
i1. 
j* 
/" 
￿9  -1~ 
-4 
RH 155 
&A  x  lO 5 
O  0 s"  6~. 
0 I*" 
9, 
￿9  -1~o  -1"4o  -6o  -2o  mv 
-go  -~o  ,.v  "  "  -7{ 
/6]- 
FIGURE 11.  Steady-state T-system absorbance changes (O) vs. command potential (millivolts) 
obtained with two additional dyes, merocyanine-540 (at 570 nm) and RH-155 (at 700 nm). 
The steady-state  absorbance change was measured at 30 ms as described for Fig.  1. For M- 
540,  the  solid  line  was  fitted  through  the  hyperpolarizing  data  points  (fitted  slope, 
3.40 x  10 -7 AA/mV; correlation coefficient, 0.998).  The dotted line is the extrapolation of 
the same fitted line to positive potentials. For RH-155, the solid line was fitted through all the 
hyperpolarizing and depolarizing data points (fitted slope factor, 7.48 x  10 -7 AA/mV; corre- 
lation coefficient, 0.999). 
et al., 1986; Lev-Ram and Grinvald, 1986). In contrast to the other dyes tested, this 
dye has a symmetric structure, and two fixed negative charges. Because the axis of 
its molecular hydrophilic/hydrophobic sidedness parallels the long axis of the mole- 
cule, it is likely that the dye will  sit coplanar with the membrane surface, with the 
fixed charges in the aqueous phase and the chromophore projecting only a  short 
distance  into the  bilayer. The mechanism of RH-155  has  not been systematically 
studied but from its homology with the oxonol family of dyes it is reasonable to infer 
that a similar ON-OF~ mechanism might be involved (A. S. Waggoner, personal com- 
munication). The results obtained with this dye are plotted in Fig.  11  (right plot) 
where it can be seen that the steady-state absorbance change is linearly related to 
the command potential over the entire voltage range. In experiments with five addi- 168  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  95  ￿9 1990 
tional fibers stained with this dye, the depolarizing and hyperpolarizing data could 
be well fit with a single straight line, with correlation coefficients of 0.998-0.999. 
These results with different dyes provide additional  support for the hypothesis 
that  the  nonlinear  optical  signal  reflects  a  membrane-related  phenomenon.  The 
finding is not dye-specific but is detected by a variety of dyes with chromophores of 
different molecular structure.  The  two  properties  shared  by all  of the  dyes that 
report  this  signal  are  that  the  chromophore  has  a  delocalized charge  or  dipole 
moment, and that the chromophore penetrates some distance into the membrane 
lipid phase, where its molecular dipole moment can have some component along 
the direction of the transmembrane electric field. These features likewise support 
the idea that the nonlinear optical signal reflects an effect of an electrostatic field on 
the dye and not, for example, a direct binding interaction between the dye and some 
membrane constituent. The latter would be expected to correlate with a particular 
dye structure. 
These results also provide some information regarding the location of the pro- 
posed electrostatic potential change. The phenomenon being reported by the mero- 
cyanine dyes and the oxonol dye WW-781  is not accessible to the oxonol dye RH- 
155. This strongly suggests that the phenomenon giving rise to the nonlinear optical 
signal is not located at the extracellular membrane surface. If a change in the elec- 
trostatic  surface  potential  of the  outer membrane  face occurred,  it  should  have 
been sensed by all of the dyes since all of these dyes were applied from the outside, 
and all of them belong to classes of dyes whose binding and spectral properties are 
sensitive to surface potential. These results taken together suggest that the location 
of the proposed electrostatic potential change is either within the bilayer or at the 
inner surface of the T-system membrane, perhaps at the triadic junctions that cover 
over 80% of the T-system area and bring it into close apposition with the sarcoplas- 
mic reticulum. 
DISCUSSION 
When  the  T-system electrical  behavior was  examined  using  voltage-sensing dyes 
under presumably linear recording conditions, an unexpected nonlinearity in  the 
optical  signal  was  found.  We  first considered whether this  nonlinear absorbance 
change  might  reflect voltage inhomogeneities in  the T-system caused by residual 
unblocked ionic currents. The results suggest, in fact, that voltage-clamp control of 
the T-system is good under these conditions, as evidenced by the large space con- 
stant and lack of significant residual ionic currents of any kind, whether caused by 
passive, active or agonist activated conductances. We conclude that we do not detect 
any ionic currents of the magnitude required to produce the changes in T-system 
transmembrane potential that we detect optically, and are therefore forced to con- 
sider alternative mechanisms by which the T-system potential might change without 
detectable ionic current. 
The most  likely interpretation  of the extra absorbance  signal  is  that  it reflects 
some local electrostatic potential change in the T-system. Such potentials would not 
extend beyond molecular distances of the membrane, and would not be controlled 
by the voltage clamp,  which  responds  only to  the  potential  of the  bulk  solution. HEXNV AND JONG  A Nonlinear Electrostatic Potential  Change  in Muscle  169 
Moreover, a  response to both transmembrane and electrostatic potential is neces- 
sarily expected for any charged or dipolar molecule in the membrane and is consis- 
tent with the mechanism of the potential-dependent response of merocyanine dyes. 
A large body of data indicates that most potentiometric dyes are sensitive to electro- 
static  potentials  (Aiuchi and  Kobatake,  1979;  Russell  et al.,  1979;  Krasne,  1980; 
Beeler et al.,  1981).  In particular,  the spectral properties of merocyanine dyes in 
artificial bilayers were found to be sensitive to both surface potential and transmem- 
brane potential (Krasne, 1980, 1983). Similarly, when put in skeletal muscle micro- 
somes in the absence of any diffusion potential, merocyanine dyes produced spec- 
tral  changes  in  response  to induced  changes  in  surface  potential  (Russell  et  al., 
1979; Beeler et al.,  1981). 
Surface potentials produced by fixed charges at the membrane surface are the 
most  well-characterized membrane  electrostatic phenomena  (McLaughlin,  1977). 
Changes in surface potential alter dye spectral properties by changing the amount 
of dye bound to the membrane, and/or by changing the effective transmembrane 
field sensed by a  dipolar chromophore. An effect of an external surface potential 
change on dye binding cannot explain our results because all of the dyes tested bind 
from the outside.  If a  transient change in surface potential occurred at the outer 
membrane surface, the spectral response of all of the merocyanine and oxonol dyes 
should have been affected (Russell et al.,  1979; Beeler et al.,  1981; Krasne,  1983). 
On the other hand, if a transient change in surface potential occurred at the inner 
membrane surface, it would be expected to alter the net transmembrane field and 
reorient the dye molecule in a manner analogous to the effect of surface potentials 
on the gating subunits of ion channels (Frankenhaeuser and Hodgkin,  1957). 
Our nonlinear optical signal is in the direction of extra depolarization. One way 
this might occur is if the inner surface potential became more positive. In general, 
this could occur via the loss of negative charges, the addition of positive charges, or 
an increased screening by cations in the adjacent solution. For example, depolariza- 
tion might transiently change the concentration of a charged species bound periph- 
erally to membrane lipids or proteins, induce the dissociation of a charged protein 
subunit,  or move a  charged membrane constituent into or out of the  peripheral 
region within a Debye length of the bilayer. 
This interpretation is summarized in the cartoon shown in Fig. 12 A. In this exam- 
ple, we assume a constant transmembrane electric field (Goldman, 1943). A positive 
change  in  the  surface  potential of the  inner membrane leaflet would  result  in a 
more positive net transmembrane potential difference (V,,).  Vm, or some fraction ot 
Vm, is the true potential gradient to which both the dye and any membrane gating 
charges  respond.  In  contrast,  the  voltage  clamp  measures  and  controls only the 
potential of the  bulk solution  (AV).  It  should also be noted that  the  mechanism 
postulated here would introduce positive feedback on the movement of any intra- 
membrane gating charges,  i.e., when the membrane is depolarized, the proposed 
local surface potential change is in a direction to cause Vm to become more positive, 
thereby increasing the amount of charge moved. 
The model outlined in Fig. 12 A is the simplest proposal consistent with the data. 
However, it is also possible that the postulated electrostatic potential change may be 
within the membrane interior. For example, the movement of a charged or dipolar 170  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  95  ￿9  1990 
protein might produce a  transient  change in a  dipole or boundary potential within 
the bilayer (McLaughlin,  1977).  In the previous example,  both  the dye and intra- 
membrane charges were considered to respond passively to a change in an external 
field.  In Fig.  12 B, we consider the possibility that the movement of intramembrane 
charges might itself alter the internal potential profile of the bilayer. In this case, the 
A  B  O/ in  O  n  I 
~Ad 
FIGURE 12.  (A) Model of the proposed mechanism of the nonlinear absorbance signal.  A 
local electrostatic potential change (A~b) is postulated to occur at the junctional face surface 
of the T-system membrane.  This in turn alters  the net transmembrane potential difference 
(Vm), which the dye and also any intramembrane charges (here symbolized on a membrane 
protein) experience. Vm is the sum of the applied potential difference (A V) and the difference 
between the internal and external surface potentials,  ~i  --  1~o,  where ~bo and 1~/i are  the local 
electrostatic surface potentials of the outer and inner membrane surface, respectively. The 
local electric field is transparent to the clamp electrodes that sense only the potential of the 
bulk solutions (Ext and  Int).  Local fields  contributed by surface potentials  fall  off within a 
Debye length (Xd) of the membrane-solution interface. (B) Alternative mechanism of the non- 
linear absorbance change. In this case, an electrostatic potential change within the membrane 
interior, A~bm, is itself the source of the increased local potential gradient experienced by the 
dye. The constant field assumption is abandoned and the intramembrane  potential  profile 
varies with distance across the bilayer. The intramembrane charges are assumed to lie in a 
homogeneous sheet of sufficient density so as to alter the intramembrane potential profile. 
electrostatic  potential  gradient  would not be constant across the bilayer.  The rele- 
vant parameter  with  respect  to the  dye rotation  is  the  potential  gradient  over the 
distances spanned by the dipole moment of the dye. If this becomes more positive in 
the outer membrane regions where the dye partitions,  the dye would respond with 
an  absorbance  increase  that  would be  indistinguishable  from that  produced  by a 
change in the  internal  surface potential.  An intramembrane  electrostatic  potential HEINY  AND JONG  A Nonlinear Electrostatic Potential Change in Muacle  171 
change would likewise be transparent to the voltage clamp. For this mechanism to 
occur would probably require that the moving charges have a sufficient density so as 
to behave as a  uniform sheet of charge, or that the dye be in high concentration 
near discreet moving charges so as to experience some of the dipole field in regions 
lateral to the protein. 
Although our data itself cannot disprove this alternate possibility regarding the 
location of the charges generating the extra potential change, we think that an inner 
surface potential change (Fig. 12 A) is the more likely mechanism of the extra depo- 
larization reported by the dye. Dye signals related to the gating of channel conduc- 
tances have never been detected, even though early investigators in the field were 
specifically looking for such signals (Davila et al.,  1974). Moreover, in squid axons 
which have a well voltage-clamped membrane, dye WW-375 gives a linear response 
to membrane potential over voltage regions where significant sodium gating occurs 
(Ross  et  al.,  1977).  This  suggests  either  that  intramembrane  potential  changes 
related to gating are small, or that they occur over membrane regions distant from 
the dye. Squid gating charges are in a comparable density to muscle charge move- 
ment and may share homologous gating regions with the dihydropyridine-sensitive 
calcium channel  which  is  proposed to cause  charge  movement  (Rios  and  Bruin, 
1987; Tanabe et al., 1987). 
Our experiments cannot specify the physical identity of the underlying charges. 
However, we can exclude the possibility that the extra absorbance signal reflects a 
transient change in the screening of the internal surface potential by calcium ions 
during calcium release. Experimental tests of the Gouy-Chapman theory applied to 
membranes  indicate  that,  at physiological salt concentrations, changes in calcium 
concentration of the magnitude that occur during calcium release (10-7 to 10 -6 #M) 
are not expected to produce a large change in surface potential (McLaughlin et al., 
1971); moreover, when we blocked calcium release with 200/xm Ruthenium Red 
applied to the end pool solution, the nonlinear optical signal remained (Jong, D.-S., 
and J. A. Heiny, unpublished results). This result suggests that transient changes in 
the  calcium concentration of the junctional  space during calcium release do not 
significantly alter the surface potential of the T-system membrane. It also indicates 
that our voltage-dependent light signal is not a consequence of calcium release. 
Finally, we should point out that we cannot exclude the possibility that the extra 
absorbance  change  might  result  from a  direct  interaction  of the  dye with  some 
membrane constituent rather than via an effect of an electric field on the dye. For 
example,  if the dye binds  to a  membrane protein,  a  transient change  in  protein 
conformation might alter the dye position and spectra. Under some conditions, cer- 
tain styrol and cyanine dyes are reported to give optical responses that depend on 
protein conformation (Ludi et al.,  1983; Klodos and Forbush,  1988; Nagel et al., 
1989). However, we do not think thisis a likely explanation for our signal for several 
reasons.  First, as noted, there is no correlation between dyes that sense the signal 
and their chromophore structure. Secondly, there does not seem to be any correla- 
tion between the amount of dye and the extra absorbance signal. Both of the above 
would be expected for binding phenomena. We used a hundredfold lower concen- 
tration of Merocyanine-540 than with merocyanine rhodamine dyes, but the nonlin- 
ear signal component was about the same percent increase above the linear compo- 172  THE JOURNAL OF  GENERAL PHYSIOLOGY ￿9 VOLUME 95  ￿9 1990 
nent in both cases.  Moreover, because of the high concentrations of dye used in 
most of these experiments (1 raM), the density of membrane-associated dye is likely 
to be much greater than the density of membrane proteins. If the dye binds to some 
protein  in  a  1:1  stoichiometry,  this  would  imply  that  the  nonlinear  absorbance 
change is coming from a very small fraction of the total dye molecules in the mem- 
brane, and that the absorbance change per bound dye molecule is very high. 
It is difficult to measure directly the dye concentration in the membrane of an 
intact cell, but we can estimate a lower boundary using the Gouy equation and the 
measured shift of the outer surface potential produced by this concentration of dye. 
For example, a  0.5  mg/ml  (1  raM) concentration of dye in the external solution, 
introduced a  10-mV negative shift of the charge-voltage curve. Assuming one nega- 
tive charge per dye molecule and a 0.12 M bulk electrolyte concentration, a surface 
potential shift of -10  mV corresponds to a  dye-related surface charge density of 
~50,000/#m 2. If we take into account screening and binding by divalent ions in the 
T-system, then the actual density of membrane-associated dye would be higher. This 
approximation  assumes  that  all  of the  added  surface  potential  is  contributed by 
screenable charge,  i.e.,  that  any dipole potential contributed by the  hydrophobic 
chromophore of the dye is largely unscreenable and does not contribute to the mea- 
sured surface potential (Krasne, 1983). This estimate can be compared with the den- 
sity of some membrane proteins in muscle. The overall density of sodium channels 
in muscle is -650/#m  ~ and the density in the T-system is likely to be much lower; the 
density of voltage sensors in the T-system is estimated at 1,000-1,500/#m ~ (cf. Alm- 
ers, 1978). This suggests that our dye-protein ratio is much greater than one. 
In summary, when potentiometric dyes were used to monitor the T-system voltage 
change under passive recording conditions, we detected an extra nonlinear optical 
signal that cannot be explained by voltage clamp or dye-related artifacts. The speed, 
stoichiometry, and lack of dependence of this signal on a particular dye structure all 
suggest that it arises from an electric field effect on the dye. We propose that a local 
electrostatic potential change occurs in the T-system upon depolarization. This phe- 
nomenon shares several features in common with charge movement and mechanical 
activation, suggesting that it may be associated with excitation-contraction coupling. 
This association will be the subject of further investigations. 
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